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RESEARCHE MEMORANDUM

BONDED LEAD MONOXIDE FILMS AS SOLID TUEBRICANTS FOR
TEMPERATURES UP TO 1250° F

By Harold E. Sliney and Robert L. Johnson

SUMMARY

A friction, wear, and endurance-life study was wade with bonded filus
of mixed oxides containing lead monoxide (PbO) as the main component.
The solid-lubricant films were bonded to low-carbon-steel and stainless-
steel disks. Hemispherical tipped (3/16—in. rad) M-1 tool-steel riders
were run ageinst the coated flat surfaces of disks at a sliding veloclty
of 430 feet per minute at temperatures up to 1250° F. Cast Inconel riders
were also used for rums above 1000° F.

The coatings lubricated over the entire temperature range, but were
far more effective from 500° to 1250° F than at the lower temperatures.
Tmproved lubrication at the higher temperatures was apparently associated
with the formation of a glazed wear itrack on the coated disks.

The endurance life of the coatings in high-load frictlon tests was
much better from 500° to 1250° F than at lower temperatures. However, the
endurance life at room temperature was at least as good as that of a resin-
bonded molybdenum disulfide (MoSg) lubricant film. Friction was somewhat

higher at all temperatures than for MoSz at room temperature.

Bonded coatings with Pb0O as the primary component gppear promising
for use as high-temperature solid-lubricant films. In addition to good
lubricating properties at elevated temperatures, these bonded coatlngs
appear to have sufficiently good room-temperature properties for use in
applications requiring cycling through a wide temperature range.

INTRODUCTION

A real need existe 1in aircraft applications for lubricants to funciion
in oxidizing atmospheres at temperatures of 400° 4o 1000° F and higher.
Aerodynamic heating, as well as heat from combustion in engines, can
produce these high-temperature levels. Problem areas that are of

o
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particular significance include the bearings for thrust-reversel devices
in Jet transports, various operating parts including bearings in jet
englines, and plvot bearings for primasry control surfaces on supersonic
alrcraft and missiles.

Solid lubricants are perhaps the most promising type of lubricant
for use at extreme temperature conditions. The most effective way of
using solid lubricants has been by forming bonded surface films. Previous
research by NACA (ref. 1) showed yellow lead monoxide (PbO) powder to be
an effective solid lubricant at 1000° F. At lower temperatures (700° to
g00° F), however, PbO was converted by oxldation into red lead oxide
(Pbz04). The waximum rate of this conversion process occurs at 800° F

(ref. 2). Contemination of PbO by ?b304 was harmful to lts lubricating

effectiveness in the experiments of reference l. Fortunately, PbO is
the most stable high-temperature (>950° F) form of lead oxide, and at
temperstures above 1000° F the contaminating Pbz04 will revert to FbO.

The high-temperature reversion of Pbz04 to PbO reduces the severity
of the problem of Pbz04 contamination. The presence of Pbz04 in FPbO at

any time, however, is undesirable because 1t reduces lubricating effective-
ness. BSeveral methods have been considered for inhibiting the oxidation
of PbO to PbzO4. One method of inhlbiting oxidation is to disperse PbO

particles throughout a second phase that will physically shield them
from oxldizing atmospheres.

The research reported herein was performed to formulate, apply, and
evaluate ceramic~type solid-lubricant coatings for metal surfaces con-
sisting primarily of PbO dispersed in a matrix belleved to be tetralead
silicate. The coatings were intended to be capable of preventing surface
fallure, excesslve wear, and high friction between sllding surfaces.
Several experimental PbQ coatings were pre ed using low percentages
(5 to 10 percent) of silicon dioxide (s.iozﬁo form the matrix. The

properties of the coatlings were studied by mechanicsal, metallographle, and
chemical analyses, and X-ray diffractlion techniques. Friction, wear, and
endurance data were obtained at temperatures up to 1250° F.

MATERTIATS

Raw Materiels for Coatings

The coatings evaluated in these experiments were prepared from mixed
powders of PbO and 810,. Both oxides were certified reagent grades with

particle sizes of about 200 mesh.
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Test Speclimens

The rider specimens for all tests run at temperatures up to 1000° F
were M-l tool steel hardened to Rockwell C-60. Both M-1 and cast Inconel
riders were used at higher temperatures. The disk specimens (2.5-in.
diam, 0.5-in. thickness} to which the coatings were fused were SAE 1020
steel and 440-C stainless steel. The rider specimens were cylindrieal
(3/8-in. diem and 3/4-in, length) end had a hemispherical tip (3/16-in.
rad) ground on one end. Before the coatings were applied, the surfaces
of the disks were ground f£lat and had a roughness of 4 to 8 rms.

APPARATUS

A dlagrammatic sketch of the spparatus used to determine frietion,
wear, and endurance propertiles of the solid-lubricent coatings is shown
in figure 1. The basic elements of this apparstus were the rotating
disk specimen and the cylindrical rider specimen with a hemispherical
contact tip. The rotating specimen was driven through a belt system by
an eleciric motor coupled with = variable-speed power transmission device.
This arrangement allows good speed control with a range of sliding veloc-
ities up to approximately 500 feet per minute. Loading was obtained by
the use of dead welghts to apply force through the pulley sysitem shown
in figure 1. The net loads on the sliding contact were from 200 to
2000 grams (with steel specimens, these loads given initial Hertz surface
stresses from 87,000 to 188,000 psi). The disk and rider specimens were
operated in an Inconel pot. The pot has strip heaters mounted on its
periphery and ring heaters under its base, and thus served as a furnace.
Temperatures up te 1250° F can be obtained iIn the firnace pot.

The rlder-holder assembly was located by rolling contact bearings
with the shaft free to move axially end to rotate within the bearing
housing. The apparatus was lusensitive to the very small frictlon losses
in the bearings. Contact of the rider specimen with the disk provided
axial location of the rider-holder assembly when the load was applied.
Friction force was measured by four sirain gages mounted on a copper-
beryllium dynsmometer ring. The strain gages were part of a Wheatstone
bridge circuit. The friction coefficients reported are the ratlos of
friction force to applied normal load. Friction coefficients were usually
reproducible within *0.0Z2.

PROCEDURE

Coating

The followlng procedure was used 1ln coating the disks and preparing
them for testling:
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(1) Cleaning prior %o coating

Wash steel disk with acetone.

Scerub with repeated applications of moist, levigated alumina.
Wash in tap water.

Wash in distilled water.

Blot dry with bibulous paper.

OO oE

(2) Preoxidation
(a) Heat disk in air at 1650° F for 3 to 5 minutes, or until a
thin, uniform, yellow or pale blue oxide film is apparent.
(b) Cool in air to room temperature.

(3) Powder application

(2) Individual batches of powders containing 5 percent, 7.5
percent, and 10 percent sillea, with the balance in each case
of yellow PbO, were prepared by welghing the proper proportions
for each on an analytical balance. Mixing bottles were one-
third filled with the weighed portions and wmixed by vigorously
sheking the bottles for at least 15 wminutes.

(b) A thin, uniform layer of the mixed oxide powder was applied
to the surface of the preoxidized disk by brushing the dry
powder through a Ko. 40 U.S. Standard sieve held about 10
inches over the disk, This method resulted in much more uni-
form coatings than previous attempts to spply the powder as
acetone or water slurries.

(4) Piring

(2) The disks were placed in a 16850° F furnace for 6 to 7 minutes
or until the mixed powder melted and formed a uniform wmolten
film. The disks had to be perfectly level in order to obtaln
8 reasonsbly uniform melt. The viscosity and surface tension
of the molten oxides were sufficiently high to retain melts
up to 0.020 inchk thick on the surface of a flat disk.

(b} The disks were then removed from the furnace and placed on
a level steel block and allowed to cool in room air.

(5) Finishing: The coatings were finish ground to the desired
thickness.
Cleaning

Prior to each run, both the coated disks and the riders were cleaned
according to the following proceduret

(1) Wash with scetone.
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(2) Scrub with repeated applications of moist, levigated alumina.
This step was omitted In preparing the disks to avoid embedding
alumina in the coatings.

(3) Wash in tap water.

(4) Wash in distilled water.
(5) Wash in 95-percent ethyl alcohol.

(8) Dry in werm sirstream and store in a desiccator.

Testing

The coatings on all the disks for which friction, wear, or endurance
life data are reported were about 0.0040 inch thick with the exception
of one series -of coatings bonded to 440-C stalnless-siteel disks. These
coatings were finish ground to various thicknesses from 0.0005 to 0.0085
inch.

All wear tests were run in dry air wilth the slider specimen under
a l-kilogram load and st a sliding veloclty of 430 feet per minute. AlL
endurance tests were run under the same conditions, but a 2-kilogram load
was employed. During the first 10 minutes of the endurance tests, the
speclimens were "run-in" at gradually increased loads. The sequence was
as follows: 2 minutes at 200 grams, 2 minutes at 400 grams, 2 minutes
at 600 grams, 2 minutes at 1000 grams, 2 minutes at 1600 grams, and
finally 2000 grams for the balance of the test. The temperature was held
constant, and the friction was recorded continuocusly duri each test.
The speclmens were held at test temperature for at least 1/2 hour before
each run. o

RESULTS AND DISCUSSTON

In this work, methods were developed for bonding PbO-base ceramic
coatings to low-carbon steel and stainless-steel surfaces by means of a
fusion process similar to that employed 1ln spplying porcelain enamels to
metal surfaces (ref. 3). Other compounds present in the coatings were
silica (Si0,), as an additive constituent, and magnetite (FezO4) formed

by oxidation of the base metal. The compositions of the PbO-base coatings
will be discussed in detail later.

Effect of Silica Additions on Coating Formation

Swall percentages of silica were incorporated into the composition
of Pb0O coatings. Silica was selected for the formulations because 1%
has desirable phase relations (eutectics) with PbO and also promotes
vitrification. Therefore, silica additions would both lower the melting
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point and broaden the terperature range for scoftening. ILower melting
Ppoint and lower hardnese are agsocliated with reduced shear strength. It
was considered, therefore, that silica additions could contribute to low
friction.

Flgure 2 shows that pure Pb0 melts at 1628° F; however, an eutectic
1s formed with 8.22 percent by welght of sillca and PbO. Thils eutectic
melts at 1317° F and has a lower temperature range for softening than
pure Pb0O. Greater plesticity within the temperature range for softening
increases the probabillity of self-repeir in demsged films and thereby
can improve enduwrance life.

When melts contalning less than 6.7 welght percent silice are cooled,
the first phage to solildify is PbO. After complete solidlfication,
discrete particles of PbO are dispersed throughout a tetralesd silicate
(4Pb0-5105) phase (refs. 4 and 5). Several advantages may thereby be

derived, for example,

(1) The silicate phase functions as a binder, and increases the
strength of the coating )

(2) The silicate phase surrounding the Pb0O particles protects them
from oxidizing atmospheres, thus minimizing the conversion to
higher oxides

(3) The presence of silica increases the range of softening tempera-
tures and the vitrification or the "glass-forming” tendency of the
coating.

A pronounced vitrificetion tendency promotes the formetion of glazes on
the ceramic wear track. It has been observed that the friection and wear
of metals In sliding contact with ceramics generally decreese sharply
when a glazed wear track forms on the ceramic surface (refs. 6 and 7).
It is also interesting to note that molten glass has been successfully
used as a die lubricant in the extrusion of metals (ref. 8).

The phase diagram for the PbO-SiOp system (fig. 2) shows that free
PbO does not exist 1n fused mixtures containing more than 6.7 percent by
weight of 510z, but 1s comwbined with silica in the form of tetralead

silicate, orthosilicate, etc. (ref. 4). However, such & combination is
only strictly true for melts cooled very slowly throughout the liquidus

temperatures. By rapidly quenching the melts, it was possible to disperse

free Ph0 in coatings prepared by the fusion of mixed powders contalning
up to 10 percent Bi0Ogs. In addition, the system was complicated by the

presence of oxides of the coated metal, primarlly Fez0,, which formed

YO¥¥
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during the firing process and diffused into the melt. Coatings containing
more than 10 percent silica had poor thermal shock resistance, and were
considered too brittle for bearing applications. Coatlings containing 5

to 10 percent silica adhere to the metal surfaces when thermally cycled

in air between 70° and 1500° F.

Determination of Coating Composition

X-ray diffraction studiles were conducted to determine the compounds
pregent in the fused coatings. All guantitative determinations were
obtained by chemical analyses, .

The PbO form of lead oxide was apparently stabilized in the coatings.
X-ray analyses Invariably showed a strong a-Pb0O pattern. No distinct pat-
tern for any other form of leed oxide was ever found, even 1ln coatings
that had been previcusly held for a considerable time in the temperature
range at which rapid oxidation to Pbz04 normally would be expected. X-ray

patterns further showed that iron oxide was present in the coatings,
primarily as FezO4.

Coatings applied to SAE 1020 steel contalned 20 to 30 percent FezOu;
those applied to 440-C stainless steel contalned 5 to 10 percent FezO4

and 0.1 to 0.8 percent chromium, probably present as an oxlde. (Results
of X-ray and chemical snalyses are summarized in table I.)

Effect of Coating Thickness on Friction and Wear

t

The coatings were generally about 0.0150 1nch thick after firing.
They were finlsh ground to the desired thicknesses and to a surface finish
of about 20 rms. All thicknesses reported herein gre considered nominal
except for those given in table II. All others were obtained by sub-
tracting the thickness of the uncoated disk from that of the finished,
coated disk. During the fusion process, the molten oxides may etch the
base metal to a depth of several ten-thousandths of an inch. Conse-
quently, the actual cogtings are probably slightly thicker than the
nominal values given.

Preliminary friction and wear tests indlcated that the thlckness of
coatings applied to SAE 1020 steel should be greater than 0.0010 and
less than 0.0070 inch (table II}. Coatings thinner than 0.0020 inch
failed early because of penetration by the rider specimen. ZEarly failure
also occurred wilth coatings thicker than 0.0070 inch. Photomicrographs
(figs. 3(a) and (b)) show that the coatings generally consisted of two
distinct layers. The transition layer immediately adjacent to the base
metal is of irregulasr thickness, averaging about 0.0010 inch, and is high

-
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in iron oxlde content. This Intermediate layer iz apparently of little
value ag a solid~lubricant film. Therefore, grinding the coatings down

to a thickness approaching 0.0010 inch essentilally removes the solid
lubrilcant and exposes a film having poorer lubricating characteristics.
Figure 3(b) is a cross section through the wear track of a coating
originally 0.0030 inch thick, and shows that, even after prolonged testing,
the rider had not penetrated to the intermediate layer. Figure S(c)

shows the surface of the coatlng and the wear track after = test.

Figure 4(a) is a cross section of a bonded PbO coating on 440-C
stainless steel. Figure 4(b) 1s a cross section of a wear track on the
same coating. It can be seen that the Intermediate layer is less than
one-thousandth of an inch thick. Some coatings were ground to a nominal
thickness of 0.0005 inch, and they still maintained a lubricating film.
Figure 5 illustrates the effect of coating thickness on the friction and
wear of cast Inconel sliding agalnst coated 440-C disks in a 1250° F air
atmosphere. The rider wear rate was low for all thicknesses between
0.0005 and 0.0040 inch, but increased sharply for thicker coatings. Fric-
tion was 0.10 for the thinnest coating, increased to 0.25 for the 0.0040-
inch coating and to 0.30 for the 0.0065-inch coating. Figure 6 consists
of photomicrographs of the wear tracks produced on coatings of various
thicknesses and of the wear areas produced on the corresponding cast
Inconel riders.

Apparently, the coatings should be as thin as possible conslstent
with satlsfactory endurance life and complete coverage of the lntermediate
layer with a solid-lubricant film. This observation agrees with the the-~
ory of Bowden and Tgbor that the frictional force consists essentially of
a shearing term and & ploughing term (ref. 9). During sliding, friction
can be attrilibuted to the force required to elither shear a lubricating
film Interposed between the sliding surfaces, or in the absence of a
lubricant, to the force required to shear metallic Jjunctions formed by
weldling of surface asperities. In addition, if one material is harder
than the other, the harder surface asperitles penetrate and plough
through the softer materilal, thus addlng to the total frictional force,
the force required to displace the softer material. Therefore, keeping
the coating thickness to e minimum and utilizing a relatlvely hard sub-
strate minimizes the ploughing term and reduces frictlon. B

Although the intermediate layer 1s not in itself a good solld lubri-
cant, its presence is probably required to obtain a good bond between the
base metal and the coating. This intermedlate layer is essentlally a
thin layer of scale, consisting principally of oxldes of the base metal.

In reference 10 1t is shown that during the firing of ensmels on steels,
e thin "hemmer-scale" of Pez04 forms, which grows fast to the steel surface

and is inbtermeshed in the enamel. It was further demonstrated that the
coefficient of expansion of this scale is intermediate between that of

-
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steel and most enamels (ref. 11). Therefore, the intermediate layer is

a transition layer which imparts good thermal shock resistance to the
coatings. However, NACA experience indicates that the scale layer must
not be too thick, or it will tend to spall away from the base metal when
the coatling is stressed by grinding or by the pressure of the slider
speclmen. For a given base metal, the thickness of the transition layer
and the amount of lron oxide which diffuses into the surface layer can
be controlled to some extent by the time and temperature at which the base
metal 1s preoxidized and by the time and temperature of the firing opera-
tion. Iron oxide imparts hardness and strength to the coatlings, but 1t
appears thet The amount must be kept below about 30 percent to avoid
excessive brittleness. These considerations demonstrate that time and
temperature employed in the coating procedure must be rather closely
controlled.

Effect of Temperature on Friction and Wear

Friction end wear tests were run at various teﬁberatures, using a 1-
kilogram normal load, and a sliding veloclty of 430 feet per minute. The
PbO coating thicknesses were 0.0040 and 0.0010 inch. Figure 7 presents
wear and friction data for the coatings. Both weer and friction approached
2 minimum at 500° F, and wear ilncreased somewhat at higher temperatures.

At 1250° F, the average friction coefficlent for M-1 in s8liding contect
with the thicker coating was 0.3l and for cast Inconel, 0.25; the thin
coating gave a frictlon coefficient for cast Inconel of 0.14. The curves
of figure 7 indicate that for temperatures of 5000 F and higher the thin
coating gave a little over one-half the friction obtained with the thicker
coating. The friction of M-l tool steel in sliding conbtact with SAE 1020
steel disks did not vary significantly with the iron oxide content and only
slightly with the silica content within the composition limits given in
table I. ’

Reference data (fig. 7) were obtalned using disk specimens costed
with a typical commercial-~type resin-bonded MoSy, film. The MoSs coatings

were believed to be gbout 0.0003 inch thick. The MoSz film gave lower wear

and friction than the PbO films at temperatures below 500°. At tempera-
tures above 600° F, however, frictlon and wear with the MoS,; film increased

slgnificantly and the PbO fllm provided more effective lubrication. It
should be noted that 800° F 1s the meximum temperature at which the use
of this particular MoSz film is recommended by the supplier.

Perhaps the most interesting feature of the bonded films was thelr
ability to prevent galling and excessive wear of the metal surfaces over
a wide tewperature range (70O to 1250° F). Their effectiveness Iin this
regard was most pronounced between 500° and 1000° F. Figure 7 shows the
wear rate of the riders at various temperatures. Wear was quite low at
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room tempersture and 1250° F and was negligible between 500° and 1000° F.
A glaze formed on both the riders and wear track between 500C and 1250° F.
The coatings were depressed one- or two-thousandths of an inch in the
wear track, but figures 3(b) and 4(b) illustrate that neither metallic
contact, nor penetration to the intermediate layer had occurred at the
conclusion of the l-hour tests.

A% 1250° F, the wear rate of cast Inconel bullets was the same as
that of M-1 tool steel. For comparison, the effect of temperature on
coefficient of friction of phenol-impregnated carbon against cast iron
(ref. 12) are included in figure 7. In interpreting friction data, the
trends obtained asre more important than the absolute values. Isolated
data polnts may be misleading, particularly in the endurance runs.

Endurance Properties

Endurance runs were made by continuously sliding a hemispherically
tipped rider under a normal losd of 2 kllograms over the same wear track
at & rate of 825 cycles per minute. Endurance life was reported as the
number of cycles the rider specimen passed over the same wear track
before failure. Mailure was taken as the time at which the friction rose
sharply and remained at a high value. The tests were stopped at 240,000
cycles 1f fallure did not occur up to that point.

Tables IIT and IV give the endurance life of the 0,0040-inch coatings
at various temperatures. For comparison, at room temperature the number
of cycles before fallure was about twice that previously reported for the
best resin-bonded MoSpy films using identical methods of evaluation at

the Lewis laboratory (ref. 13). Between 500° and 1250° F, the number of
cycles to failure increased at least four times beyond the room-temperature
life. Thus, at the higher teuperatures, the endurance lives of the Fb0O
coatings were at leasst eight times those previously reported for MoSs

coatings at room temperature.

Table III also shows that, at temperatures below 1000° F, the endur-
ance life of the coatings decreased with increasing silica content. This
decrease can be attributed to the embrittling effect of the slilica. The
maximum endurance was obtained with costings prepared from powders contaline-
ing 5 percent SiOz. The use of thinner f£ilms may further Ilmprove the

endurance life of the coatings.

Teble V gives scratch hardness values for 0.004-inch coatings of
various compositions.

140i4°
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SUMMARY OF RESULTS

In an investigation of methods of forming PbO-base solid-lubricant
coatings, and in evaluating the friction, wear, and endurance properties
of the coatings, the following results were obtained:

1. A procedure was developed for coating low-carbon steel and stain-
less steel wlth bonded films of high lead monoxide (PbO) content. These
films functioned as effective solid lubricants from 70° to 1250° F, but
were especially effective from 500° to 1250° F, A glazed wear btrack
invariably formed on the coatings tested at temperatures of 500° F and
higher. The coatings were usually about 0.0040 Inch thick although this
is not considered the optimum film thickness for all metals.

2. The wear rate of M-l tool steel riders in sliding contact with
coated 440-~C stainless steel and SAE 1020 steel disks was moderate at
room tempersature, but extremely low from 500° to 1000° F. For a given
coating thickness, friction decreased as the temperature was increased
from 70° to 500° ¥. Friction was practically constant from 500° %o
1000° F, (Cast Tnconel riders and coated 440-C stalnless-steel disks were
used at 1250° F. Rider wear was moderate, and the average coefficlent
of friction was 0.25 for a 0.0040-inch coating and 0.14 for a 0.0010-inch
coating.

3. At 1250° F, friction was significantly lowered (from 0.25 to 0.10),
and rider wear was sgignificantly reduced by decreasing film thickness
from 0.0040 to 0.0005 inch.

4, The endurance life of 0.0040-inch thick coating under high load
was at least four times greater at temperatures sbove 500° F than at room
temperature. Also, the room-temperature life was at least as good as
that of bonded MoS, fllms tested under identical conditions.

5. The coatings were applled by melting mixtures of silica (8102)
and Pb0 directly on the base metal. Small percentages of 5i0z were ln-
cluded in the compositlon of the coatings to increase their strength,
herdness, and glaze-forming tendencles, and to serve as an oxidation
barrier for the PbO. Iron oxlde was also present in the coatings. It
formed by oxidation of the base metal during the fusion process, and
diffused into the Pb0-5i0; melt. Iron oxide increased the hardness of

the coatings and promoted good bonding toc the base metal.

The coatings may be classified as ceramics, because they were formed
by the fusion of mixed oxides. They adhered well to the base metal and
were capsble of wlthstanding considerable thermal shock without spalling.
Herdness depended upon the silica and iron oxide content. The scratch
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hardnesses of the coatlings were higher than those of mlld steel but much
lower than those of hardened tool steel.

Lewls Flight Propulsilon Laboretory
National Advisory Commlittee for Aeronautics
Cleveland, Ohlo, Februsry 18, 1957
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TABLE I. - RESULTS OF X-RAY DIFFRACTION STUDIES AND

CHEMICAL ARALYSES OF PBO-BASED COATINGS

Powder composition Base metal Typlcal coating compositions
prior to firing, after firing at 16500 F on
percent by weilght base metal,
510, b0 . percent by weight
PbO F6504 SiOZ CI'205 Unac-
(a) counted
for
5 g5 SAE 1020 steel |62.7]|29.0 |3.1 - 5.2
440-C stalnless|86.0)] 5.9 |4.9 0.2 3.0
steel
7.5 92.5 440-C stainless|71.5(10.5 (7.0 1.5 9.5
steel
10 90 SAE 1020 steel [69.5]24.3 8.1 --= [High by
1.9

aSiOz determined only by chewical analyses. SiOs probably com-
bined with PbC in coatings as 4PbO-510s.

TABLE IT. - LIFE OF 95 PERCENT Pb( AND 5 PERCENT
510, COATINGS ON SAE 1020 STEEL AS A
FUNCTION OF COATING THICKNESS
[Thickness measured with micrometer depth

gauge (metal surface to coating surface
at a fallure aresa).]

Thickness Qualitative
wmils, rating of
(thousandths |1life
of in.)
18 Very poor
1l Very poor
9 Very poor
9 Poor
7 Poor
4 Good
4 Good
4 Good
1 Poor

POPP
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TABLE IIl. -~ RESULTS OF ENDURANCE TESTS OF 0.0040-INCH-

THICK PbO-S51i0s COATINGS

[2-Kg load; 430 ft/min; M-1 riders.]

Temper- Coatling materilals (composition_before firing),
atgre, percent by weight
F 5 Si0g; 95 PbO[7.5 S102; 92.5 PbO| 10 S10z; 90 PbO
Endur- Coeffi-~ | Endur- Coeffi- Endur- Coeffl-
ance cient oflance clent of |ance cient of
life, fric- life, friction | life, friction
cycles |tion cyeles at 1 hr cycles at 1 hr
before |at 1 hr |before before
failure [(49,500 |failure failure
cycles)
70 50x103| 0.42 30x10° | 20.30
250 50 .25
500 |>240 .26 | 110x10°] 0.2 90 .20
750 |{>240 .33
1000 >240 .30 >240 14 >240 .25
1250 [>240 b.26

BQpefficient of friction gt 30 min.

bCast Inconel rider; disk base metal, 440-C

stainless steel.

TABLE IV. - MISCELIANEOUS RESULTS OF ENDURANCE TESTS
Rider Disk’ Coating Cycles [Coeffi- |Temper-
to cient of)ature,
. failure|friction| ©OF
at 1 hr
8GAR 1095|SAE 102010.0002 to 0.0005 ZOXlO3 ———— 75
In. thick resin-
bonded MoSs film
M-1 SAF 1020 |Uncoated @ [~=====-- 0.50 500
M-1 SAE 1020|10BN-108i02-80Pb0O |180 .32 500

8Data for SAE 1095 rider agalnst SAE 1020 disk coated with
MoS, from ref. 13.
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TABIE V.

NACA RM E5TBIL5

- SCRATCH HARDNESS VALUES OF TYPICAL FPbO-BASE

COATINGS COMPARED WITH STANDARD METAL TEST BLOCKS

Powder composition| Base metal Surface Seratch hardnessP
prior to firing, finish, Seratch |Bierbaum
percent by weight rms width in|micro-
micron \nicrons, |character,
(a) Y K
Uncoated Standard steel | 12-15 4.0 2500
test block,
hardness,
Rockwell C-64
Uncoated SAE 1020, hard-| 10-12 | 10.0 400
ness,
Rockwell B-85
5 8i05-95 PbO SAE 1020 (20) 8.4 568
7.5 5105-92.5 Pb0 [SAE 1020 (20) 7.0 820
10 Si0,-80 PbO SAE 1020 (10) | 5.8 1190
5 8102-95 PO 440-C Stainless (20) 7.8 657
steel

8values of rms in parentheses are estimated values; soft,
mlcroscopic pockets of PhO were penetrated by profilometer
scribe to gilve unreasonably high rms values.

(Scratch made by 101°
diamond point under a normal load of 9 g.)

b

K = 104/()\./2)2 = microcharacter.

128147



4404

CA-3

NACA RM E5TB15 i

Shaft rotation
\\

Frictional force

- i
l' : ; . Load
]
Strain-gage ro s
assembly — s i
! 1O
L T )

Bearing
housings

Inconsl Purnace
ghell ‘N s A . o

s .
...... - 4
Heaters e

Bt e

+

i _ _
‘I N J
....... S
y N5

= Welght pan

3 it NN \_ Rotating disk specimen

Rider specimen

Figure 1. - F¥rictlon epparatus.
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Temperature, °C

<. NACA RM E5TB15 .
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Figure 2. - Phase equilibrium dlagram for Pb0O-S10; system (ref. 5).
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Bakelite metallographic
speclmen mount
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:h’,‘:_'l.

_ 't‘ﬁ——Iron oxide rich layer

“-m=——8AE 1020

PR ..,,_.

(a) Cross sec‘bion through coa‘ting and
base metal; unetched; X250; before

test.
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f ‘ i /- S S ATE R ,__—.s—PbO rich layer
0.0020" ¥_ &= B e I g3
1 v ) M TS R SN ——Iron oxide rich layer

0.0010"

(b) Cross section through wear track
end base metal; unetched; X250;
after test.

(¢) Ground surface of coating and glazed
. . 1
wear track; unetched; XG-Z-. C-44224

Figure 3. - Bonded PbO coasting on SAE 1020 stainless steel.
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Figure 4. - Bonded Pb0 coating on 440-C stainless steel.
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Rider wear rate, cu in./hr

Coefficient of kinetic

friction

.16x1073
¢
/
7
/
!
.12 7
Vi
’
/
/
.08 AL
/
y
4
/
/
7/
.04 -
Ve
b
7
Pd
o AIV’
ol o———
fmmomemme=]
[ //
2 — |
//
C)// -3
"""
o .001 .002 .003 .004 .005 .006 .007

Nominel coating thickness, in.

Figure 5. - Effect of coating thickness on friction and wear of cest Incomel sliding
sgainst bonded PbO in air at a temperature of 12500 F. 8Sliding velocity, 430 feet
per minute; loasd, 1 kilogrem; rider radius, 3/16 inch. Coatings prepared by fusion
of S percent 810z and 85 percent FbQ on 440-C base metal. )
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(a) Glazed wear track fermed on 0.0005-inch-thick (b) Wear area formed on 3/16-inch~radiua cagt

coating, X15. Inconel hemispherical rilder during run against
track shown in (a); X15.

Figure 6. - Wear surfaces produced by sgliding cest Inconel egainst bonded PbO; baae metal, 440-C etainless steal; frit
composition, 95 percemt PbQ, S percent Si0p; temperature, 1250° ¥; load, 1 kilogram; sliding velocity, 430 feet per
minnte; wear track dismeter, 2 inches; test duratiom, 1 hour.
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(c) Glazed wear track formed on 0.0010-inch~thick (d) Wear ares produced on 3/16-inch-radius cast
coating; X15. Inconel hemispherical rider during mm against
track shown in (o); X15.

Figure 6. - Contimed. Wesr surfaces produced by sliding cast Inconel against bonded PbO; bese metal, 440-C stainless
steel; frit composition, 95 percent FbO, 5 percent S10,; temperature, 1250° F; load, 1 kilogram; slliding velocity,
430 feet per mimute; wear track diameter, 2 inches; test duration, 1 hour.

cg



(e) Partially falled, glazed wear track formed on (£} Wear area formed on 3/16-inch-redius cast
0.00685~inoh-thick coating; X15. Inconel bemispherical real rider during run
against track shown In (e); X15.

Figure 6. - Concluded. Wear surfaces produced by sliding csst Inconel against bonded Fb0; base metgl, 440-C stainless
steal; frit compositlon, 95 percemt PbQ, 5 percent 510g; temperature, 1250° F; load, 1 kilogrem; sliding velocity,
430 feet par mlmite; wear track diameter, 2 inchas; test duration, 1 hour.
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Rider wear rate, cu in./hr
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0.45 o 0.004 PbO-510o SAE 1020 .
a 0.0010 PbQ-SiOz 440-C
01%0—3 ¢ ~0.0003 Mos, SAE 1020 T
[ No lubricant SAE 1020
Talled symbols denote cast Inconel riders
- Carbon-type seal material rider on cast -
iron (no coating) k
.008
K A //:\r
e
\ . - v
BJ \ 2’ E%
\§. L | —8
T - Ty
0 O - e e e %
4
- a— ﬂ>
A 2
O £ [o]
N~ /
F——2 o
q
. \> [ /
- i /
i 1 y -
Q—.— -— -—t-— _-—_.<>.—/
g 200 400 600 800 1000 1200 1400

Temperature, °F

Flgure 7. - Wear end friction at various temperatures with bonded solid-lubricant
films. PbO coetings formed from mixtures of 95 percent by weight PbO and 5 percent
by weight S105. 51iding velocity, 430 feet per minute; load, 1 kilogram; radius of

rider specimen, 3/16 inch. Rider specimens, hardened M-1 steel unless noted.
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